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Abstract-Piezoelectric fast tool servo mechanism, with its existing 
nonlinear response and hysteresis, restricts greatly the precision 
when applied to machining of non-axisymmetric optical surface. 
In this paper, a feed-forward control method is applied to 
compensate the displacement of the fast tool servo. According to 
the workpiece surface feature and the tool path, the 
mathematical model of the minimum setting angle is established 
to avoid the interference between the tool and the surface to be 
machined. A new kind of control method— real time calculating 
control with table look-up is developed. This control method can 
shorten the calculating time and improve the precision of the 
machining surface at the same time. It puts forward qualitative 
and quantitative methods from the whole and partial aspects to 
evaluate the machined surfaces,and some demonstrative 
evaluations of the machined surfaces are also given. 
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Most of optical instruments use mirrors and lens of 
spherical and plane. The two kinds of surfaces are easy to be 
processed, so they are widely used. However, mirrors and lens 
of spherical and plane have spherical aberration, 
coma-aberration, astigmatic aberration, field curvature and 
aberration. These aberrations have a great effect on the 
accuracy of the optical systems. In the past, many methods of 
reducing the aberrations have been raised. But these methods 
have certain limitations. And each method can only reduce 
certain type of aberrations. In order to reduce or eliminate the 
aberrations more effectively, the method of wavefront 
correctors to correct the aberrations was raised. The most 
typical and effective wavefront correctors is the 
non-axisymmetric optical surface mirror processed by Zernike 
aberration function. This method can correct many kinds of 
aberrations at the same time. So the accuracy of the optical 
system is greatly improved. When the method is used in large 
telescope optical system, the cost of the telescope can be 
greatly reduced. The application of wavefront correctors opens 
up a new way to further improve the precision of optical 
system and reduce manufacturing cost[l][2]. 

The points on the non-axisymmetric optical surface are 



asymmetrical to its geometric axis. Its axial dimension Z is not 
only the function of radial dimension x, but also the function of 
angle 9, i.e.: 

Z=f(x,0) 

The processing schematic of nonsymmetric optical 
surfaces is given in Fig. 1. 

The cutting tools can move forth and back flexibly in axial 
direction with the changes of radial dimensions and angles, 
while the spindle gyrates and the tool transversely feeds. In an 
instant, according to the angle signals and the cutting tool's 
transverse displacement signals, the computer can calculate the 
axial coordinates of the points on surface based on certain 
mathematical model. Through D/A transformation, amplifying 
circuit and the tool sttetching conttolled by the drive power 
source, we can make the cutting tool have a micro- 
displacement in its axial direction to make non-axisymmetric 
optical surfaces. 




Figure 1. The processing schematic of non-axisymmetric optical surfaces 

From the processing principle of non-axisymmetric optical 
surfaces we can learn that the axial positional error of the 
cutting tool can affect the machining precision of the 
workpiece surfaces directly. However, the main reason of the 
axial positional error is that the nonlinearity and hysteresis 
phenomenon in piezoelectric ceramic of the high-speed servo 
tool. For the single-pass(step-up trip or step-down 
trip)nonlinearity, we can solve for mathematical models of 
step-up curve and step-down curve respectively by 
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experimental method, and then use the mathematical model to 
control the servo tool. But this method cannot eliminate the 
influence on the tool positional precision by hysteresis 
phenomenon. In the machining process, the cutting tool has 
different ranges for each stretch trip (or step-up trip, 
step-down trip). So the step-up curve and the step-down curve 
are also different, which makes it difficult to predict the 
response to the input voltage by tool position. This problem 
will affect the applications of piezoelectric ceramic seriously. 
At present, many scholars engage in this aspect research, and 
they have presented various error compensation control 
methods (such as average curve method, self-learning control 
method, closed-loop control method and so on), but these 
methods do not work very well[3]. This study adopts feed 
forward control method to compensate the cutting tool 
position. 

I. Servo toolrest position compensation 

The machining principle of non-axisymmetric optic mirror 
surfaces shows that the tool's axial position error influence the 
machining precision of work-piece surfaces directly; and the 
main reasons of the tool's position error are from the 
non-linearity and hysteresis of piezoelectric. At present, many 
scholars in the world are engaged in the research of servo 
toolrest position compensation, and have put forward various 
methods of error compensation control. 

Self-learning Control 

Among many self-learning control methods, P-Integral 
learning control is the most simple method without learning its 
model of controlled object. The equation of P-Integral 
controller is: 



M 



u j (k) = u 1 (k) + k r Y,a j - 1 - i e i (k + d) 



(1) 



U] (k) 



is the output of the controller 



J; e.(k) is the error sequence for 



Where j is repeating times, 

for the individual candidate 

the individual candidate i; a J_1 ~'is exponential type weighted 

coefficient; a is called forgetting factor. 

For the little known or completely unknown system model, 
P-Integral learning control can improve the precision of 
process control by learning. Self-learning control is based on 
the assumption that the control process can repeat. But in 
machining non-axisymmetric optical mirror surfaces, the 
control process of cutting tool doesn't repeat. Therefore, 
learning control is not fit for machining non-axisymmetric 
optical mirror surfaces. 

Close-loop Control 

The principle of this method is: a displacement sensor 
measures the actual displacement signal of cutting tool, then 
computer executes control according to the difference between 
tool's actual-position and ideal-position. 



Close-loop control doesn't need to accurately describe the 
mathematic model of piezoelectric hysteresis loop. Its control 
mainly depends on the displacement signal feeding back from 
sensor. Theoretically, close-loop control can get very high 
control precision. Authors had adopted this method. But in the 
experiment, close-loop control needs the sensor with very high 
sensitive precision and transmission speed, especially the 
sensor's excursion can badly influences control precision. 
Therefore, the actual effect of close-loop control is not ideal. 

Feed forward Control Method 

The experiments [4] show that if the input begins with zero 
state and ends with the step-up process end (as shown in Fig. 2), 
the step-up curve is certain [1], The polynomial expressed as 
follow: 



;/ f oo=2>y 



(2) 



Where 



// f (V)is the step-up displacement of piezoelectric ceramic 
cutting tool, 

k is a coefficient of the polynom, which is determined by 
experiments, 

m is the order, V is the votage exerted to piezoelectric 
ceramic. 

The experiments [4] also show that if the step-down process 
begins with saturated state(the maximum output state of certain 
piezoelectric ceramic cutting tool) (as shown in Fig. 2), the 
step-down curve is certain[l]. The polynomial expressed as 
follow: 



MS v )=Zpy h 



(3) 



Where jU r (V) is the step-down displacement of piezoelectric 
ceramic cutting tool, p k is a coefficient of polynomial, which 
is determined by experiments. 
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Figure 2. The curves of ultimate state(zero state and saturated state) 
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If the step-down process doesn't begin with saturated state, 
every step-down curve is different. As shown in Fig. 2, the 
closer to the turning point (the turning point of step-up curve 
and the step-down curve), the larger the compensation Au,(this 
study defines compensation dosage as Au. that the actual 
displacement deviates from the saturated step-down curve 
when it inputs arbitrary voltage) is .The maximum 
compensation dosage is 



wv)=fi<vyti r <v) 



(4) 



Where u. r (V r ) and Uf(V r ) is the displacements of saturated 
step-down curve and saturated step-up curve when input the 
turning point votage Vr. When the votage drops to nearly zero, 
Au, also closes to zero. According to the above experiments and 
analysis, JENG Seung-Bae[2] deduced the polynomial as 
follow: 

WWl=p¥[(Vr-V )/Vr] (5) 

Where W^ is a coefficient of the polynom, which is determined 
by experiments. According to the expression (4) and 
expression (5),we can get the compensation dosage A nof the 
cutting tool at any position. This method is applied in this 
paper to compensate the error.The expression(2) N (3) and (5) 
are the feedforward control model we need. The polynomial 
coefficients used in feedforward control model of the cutting 
tool are shown as 

follow: n f (V): 

q> = -1.5 x 1(T 3 , cp x = 8.699 xl0\(p 2 = 3.0737 xl(T 6 , 

Mr (V ) :p = 1.46 xlO- 2 , Pl = 1.04 xl0" 2 ,p 2 =-1.398 
xlO" 6 ; 

A{i /A/;(V r ): ¥„= 0.997, W l = -1.7S,W 2 =0.55. 
Fig. 3 is the tool compensation experimental curves. 
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(a) Uncompensated curve (b) Compensated curve 

Figure 3. The experimental curves of the tool rest position compensation 

II. The interference of single linear blade diamond 

TOOL 

The tool bit shapes of commonly used natural diamond 
tools are pointed blade, multi-land blade, circular blade and 
single linear blade. It is difficult for the pointed blade cutting 



tool and the multi-land blade cutting tool to machining mirror 
surface. Though circular blade cutting tool has lesser 
processing residual area, the tool sharpening is hard. Therefore 
this study adopts a single linear blade cutting tool. If the single 
linear blade cutting tool is installed accurately, the residual area 
will be least and the surface will have highest machining 
quality. 



workpiece 




machined surface 
hlank 



cutting direction 
(path Direction) 



Figure 4. The surface processing schematic diagram 

The key to the installation of single linear blade diamond 
tool is to determine the angle v|/ of the single linear blade and 
the traverse feed direction of cutting tool (as shown in figure 4). 
Theoretically, if the linear blade of the cutting tool is parallel to 
the traverse feed direction of the cutting tool rest, we will get 
the minimum surface roughness [5]. But in this case, there is a 
small part of the diamond tool's cutting edge bearing all the 
cutting output, and it is harmful to the cutting tool's life. If 
there is a small angle v|/ between linear blade and cutting 
direction, the cutting edge interfering with the working surface 
can be prevented. As shown in figure 3, we can make a straight 
line AB which passes the point of the cutting edge vertex and 
parallels to the traverse feed direction of the cutting tool. If a is 
a point on the straight line AB , b is a point on the working 
surface and c is a point on the cutting edge, the condition that 
the cutting edge doesn't interfere with the working surface is 



Ab<ac 



(6) 



Supposing the coordinate of any one point on the 
non-axisymmetric optical surface is z(r, 6) , where r is radial 
size, 9is angle (9= 0°~360°),and then 



ab = Z(r ls 0)-Z(r 2 ,0) 
ac = (r 2 -r 1 )tan v F 



(7) 
(8) 



Where r^ r 2 are radial sizes of any two points on the surfaces. 
According to the expression (7),we can have the expression as 
follow: 



*P = arctan{ac/(r 2 - rj} 



(9) 



According to the machined surface mathematical model 
and formula (6) and (9),we can calculate the minimum angle in 
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which the cutting edge doesn't interfere with the working 
surface. The minimum angle is 

¥ min =arctan{[Z(r 1 ,0)-Z(r 2 ,0)]/(r 2 -r t )} (10) 

The larger the \\i is,the harder the interference occurs. And 
the tool installation is also more convenient. However, with the 
v|/ increasing, the surface roughness will also increase. When 
the nose angle iss, the cutting edge inclination angle is \|/ and 
the cutter feeding volume is f, the microscopic roughness of 
surface can be calculated according to the expression: 

H ma* = f /[CO* ¥ + C °t(^ -«-¥)] (11) 

According to the surface roughness requirement, the nose 
angle issand the cutter feeding volume is f, we can get the 
maximum inclination angle v|/ max .It only needs to meet the 
following expression in the cutting tool installation. 

*F . < W < W (!2) 



III. Microcomputer control in machining 

The machining of non-axisymmetric optical surface 
requires high calculation and control speed. And it also 
requires robust dynamic performance. The mission of control 
system is to get the angular displacement signal and radial 
displacement signal from the spindle system and tool system. 
After calculating the two signals, the control system outputs a 
signal to control the cutting tool's axial micro-displacement. 

Currently, there are two widely used control methods. One 
is the look-up table control method. The other is the real-time 
calculating control method. The first method is that all the 
values of control points are calculated in advance. It's not 
real-time controlled by the actual radial size r and angle 9. So 
the radial feed error and spindle rotation error of the tool will 
directly affect the machining accuracy of surface. The second 
method is that calculation and control are going simultaneously. 
This method requires high-speed calculation of the computer. 

The above two control methods not only have obvious 
disadvantages, but also have obvious advantages. The control 
method in this paper combines the above two control methods. 
It collates of the mathematical models and sorts them so that 
we can calculate the regular quantities or items in initialize 
program of calculation and store them in computer 
memory(which will not take too much RAM).When processing 
the surface, we can get out the data needed from the computer 
memory, and then have a simple operation for controlling. In 
this way, it not only saves the memory, but also shortens the 
calculating time. 

Taking the surface described by Zernike equation as an 
example to illustrate the application of this method. 



Every item of the equation has a trigonometric function, 
and it is longer for the computer to calculate trigonometric 
functions. If the processing is controlled by real-time 
calculation control method, it can't meet the requirement 
obviously in speed control. If the processing is controlled by 
look-up table method, it will occupy bigger computer memory. 



If A: 



Z 4 cos 20 + Z 5 sin 20, B 



Z 6 cos + Z 7 sin 



Z = Z A p 2 cos 20 + Z s p 2 sin 20 + Z 6 (3p 2 - 2)pcost 
+ Z 7 (3p 2 -2)psm0 



(13) 



and p = r I R , the equation (12) will be 

Z=Ap 2 + B(3p 2 - 2)p (14) 

If there are K processing points per revolution, the 9 is 
determined. So 

9i=3607K, 9 2 =2x3607K, 9 k =Kx3607K=360°. 

We can calculate the value A and B in the initialization. Then 
listing and putting these A and B into computer memory. In the 
machining process, according to the angle signal, we get out 
the value A and B of the memory in turn. Then according to 
the practical radial dimension r measured by the inductive 
synchronizer and the formula (14), we can calculate a 
controlling value to control the system. Due to the computer 
only needs a few simple addition, subtraction, multiplication, 
and division operations, it shortens the time greatly, we can 
make K=1024 or even more. 

IV. Cutting experiments 

According to the requirements of the equipments status and 
control scheme, we design corresponding machining system, as 
Fig. 5 shown. The system consists of the lathe system, 
machining and examining part, microcomputer interface circuit, 
direct current linear high voltage amplifying circuit and servo 
toolrest. whether the servo toolrest has good dynamic 
performance or not is the key to the success of machining 
non-axis-symmetric optical surface[6].For the maximum 
stretching quantity of the toolrest is small and frequency 
response characteristics is bad.we have taken actions to 
improve it.we have made new a piezoelectric ceramic pile, 
increase the area of porcelain slice side surface and increase the 
number of the porcelain slice,in order to improve the quality of 
the pile on the whole. The software system of the machining 
system is based on the hardware.lt uses two-level pull-down 
menu and function modular programming. 

The cutting experiment is operated in the machining system. 
The mathematical model of the workpiece surface meets 
Zernike equation. Where Z 5 , Z 6 ,Z 4 and Z 7 are the item 
coefficients of Zernike. In this experiment ,Z 4 = 1.50, Z 5 = 1.00, 
Z 6 =1.50, Z 7 =0. And p= x/R, where x is practical radius(radial 
dimension),R is the maximum radius of the surface. 9 is the 
angle. The external diameter of the working surface is 60 mm, 
and the inner diameter is 10mm. The amount of feed is 5(im/r, 
The maximum engagement is 5(j,m. The workpiece material 
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is brass. The tool compensation uses the feed forward control 
method. 
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Figure 5. The machining system schematic 

After machining, measure the circumferential dimension 
and the radial dimension with high-precision surface profiler. 
And then use multiple regression analysis method to dispose 
the measured dates, as shown in table 1. Fig. 6 is the computer 
simulation interference diagrams in theory and in practice. 



TABLE I Zernike polynomial coefficients (wavelengths) of 
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Figure 6. Computer simulation interference diagrams 

V. The evaluations of non-axis-symmetric optical 

SURFACES 

At present, there are no ready-made instruments for the 
measurement of non-axis-symmetric optical surfaces. This 
paper adopts qualitative and quantitative methods, and in the 
overall and partial aspects to evaluate the machined surfaces. 
The overall qualitative evaluation is based on the principle of 
the light equal thickness interference. It get the curved surface 



overall shape analysis by observing interference pattern. This 
method is non-contacting, so it is non-destructive for the 
workpieces, but it cannot reflect the surface accuracy 
accurately. The overall quantitative evaluation is also to fit the 
curved surface of double independent variables (r, 9) ,it is 
depend on the precision of coefficients. 

This method requirement surface points must have strong 
integrality and representative, and measurement of the 
workload is very heavy and complicated, measurement error 
accumulation also make evaluation cannot fully reflect the 
processing surface accuracy. This method requires the 
measuring points on the surface must have strong integrality 
and representativeness, and the workload of measurement is 
very heavy and complicated, moreover, the measurement error 
accumulation also makes the evaluation cannot fully reflect the 
machined surfaces accuracy. So partial quantitative evaluation 
method is used in real evaluation. This method requires the 
partial position is representative and the number of the data set 
is large. The partial evaluation can evaluate in circumference 
direction and radius direction. The circumference direction 
evaluation is evaluate the intersection curve between the 
cylndrical surface which the radius is rx and curved surface. As 
Fig. 7 (a) shown. Spread this space curve along the 
circumference direction into a plane curve Z-9, as shown in 
Fig. 7 (b). Compare their own theoretical curves and practical 
curves. The theoretical equation of the plane curve Z-0 is 

Z{0) = a cos + b sin 20 + c sin 20 

The real equation of the fitting curve can be got by the least 
square method. It is 

Z'(0) = a + a 1 sin + a 2 cos# + a 3 sin 20 + a 4 cos 20 

Considering the phase difference, it can be changed into the 
following equation 

Z{0) = a Q +acos{0-p) + b*cos2{0-(3) + c* 
sin 2(0 -p) 
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Figure 7. The peripheral evaluation of the surface 

Considering the relative error average of the fitting 
coefficients, its precision is 
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Where p is the phase difference between the real curve and 
the theoretical curve, 

Ec is the reflection of the circumferential surface accuracy. 

For the direction of the radius , the surface evaluation 
means evaluate the line of intersection between one plane (9x 
plane) passed coordinate axis Z and the curved surface. As 
shown in Fig. 8 (a). The line of intersection is a plane curve. Its 
theoretical equation on the axial cross section Z-r ( as Fig. 8(b) ) 
is 



Z(r) = Ar + Br 2 +Cr 3 
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Figure 8. The radial evaluation of the surface 

The real equation of the fitting curve can be got by the least 
square method .And we can get the precision values Er of the 
coefficients, it is the radial surface accuracy. At the same time, 
we can compare the theoretical curve shape with the actual 
curve shape. For example, there are a set of data in 
circumference and a set of data in radial direction evaluating 
the curved surface. The Fig. 9 is the circumferential evaluation, 
where Ec is 94. 81%, pis 29. 4°. The Fig. 10 is radial evaluation, 
where Er is 91.27%. So E= (Ec+Er)/2=92.81% , which shows 
that this method has high machining accuracy and it is close to 
the actual engineering requirements. The evaluation also shows 
that the theoretical curves (inputs) and the actual curves 
(outputs) are very similar. But the outputs lag behind the inputs 
by about 30 °,which is identical with the toolrest's performance. 
The other evaluations of the surface will not be described in 
this paper. 

VI. Conclusion 

This study adopts feed forward control method to 
compensate the servo tool location. It overcomes the influence 
on machining precision by the piezoelectric ceramic nonlinear 
and hysteresis phenomenon. So it can meet the 
non-axisymmetric optical surface processing requirements. 
This study has established a mathematical model of the 
minimum angle in which the cutting blade doesn't interfere 
with the machining surface. The mathematical model is the 
theoretical basis for avoiding the single linear cutting blade 
diamond tool interferes with the non-axisymmetric optical 
surface. The rapid servo toolrest designed in this paper has 
good frequency response characteristics. For it also considers 
the scale increase of the piezoelectric pile extension, the 



working area of the tool nose is larger, which can meet the 
requirements of machining surface. The principle of evaluating 
non-axis- symmetric curved surface used in this paper has 
strong comprehensiveness and universality. It provides wide 
ideas to research this aspect in the future. 
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Figure 9. The circumferential evaluation of the surface 
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